In both vertebrate and invertebrate visual systems, neurons form multiple-contact synapses at which a single presynaptic site releases neurotransmitter upon a discrete combination of different postsynaptic cells. Recognition mechanisms underlying the assembly of such synapses are not known. In Drosophila, photoreceptor terminals form tetrad synapses that incorporate an invariable pair of postsynaptic elements, one each from lamina interneuron L1 and L2, and two elements from other cells. Here, we demonstrate that Drosophila Dscam1 and Dscam2, genes encoding homophilic repulsive proteins, act redundantly to ensure the invariable combination of L1 and L2 postsynaptic elements at all tetrads. We demonstrate that this strict pairing is lost in Dscam1;Dscam2 double mutants. Thus, removing these two repulsive proteins allows elements from the same cell to incorporate into the same postsynaptic tetrad, altering the specificity of photoreceptor transmission. We propose that Dscams regulate synaptic specificity by excluding inappropriate partners at multiple-contact synapses.
INTRODUCTION
How neurites select synaptic partners during development remains a central issue in neurobiology. While axon guidance cues may place neurites close to their synaptic partners, axon guidance alone is insufficient for target-specific synapse formation (Vogt et al., 2005) , because neurites must choose between many potential targets. Even in the relatively simple brain of Drosophila melanogaster, discrete synapses between specific cells form within a sea of processes from many different cell types (Frö hlich and Meinertzhagen, 1983; Gao et al., 2008) . It is generally believed that specific cell recognition molecules allow neurites to discriminate each another, allowing pairing of appropriate synaptic partners or alternatively preventing inappropriate pairings. Understanding how this occurs at a molecular level is, at best, poorly understood. Here we describe one mechanism regulating the assembly of precise synaptic connections in the fly's visual system and the cellular recognition proteins that underlie this process.
The structural composition of synapses varies greatly between the brains of different species and between different regions of the same species (Peters et al., 1991; Prokop and Meinertzhagen, 2006) . Variation is greater for the postsynaptic side, and although a typical synapse is often presented as a presynaptic terminal releasing neurotransmitter upon a single postsynaptic element, alternative arrangements are common. For example, in Drosophila (Prokop and Meinertzhagen, 2006; Takemura et al., 2008) and C. elegans (Hall and Russell, 1991; White et al., 1986) , CNS synapses comprise a single presynaptic site abutting multiple postsynaptic elements, an arrangement also found within both the outer and inner plexiform layers of the vertebrate retina (Dowling and Boycott, 1966) .
Photoreceptor synapses in the first optic neuropil, the lamina, are the best-characterized multiple-contact synapses of the fly's brain (Meinertzhagen and Hanson, 1993) . The lamina is organized into synaptic modules called cartridges, each comprising six photoreceptor, or R cell input terminals (R1-R6), five individual lamina neurons (L1-L5), and several other cell types (Clandinin and Zipursky, 2002) (Figures 1A and 1B) . A cartridge typically contains a single representative of each cell type and is enwrapped by a glial sheath separating it from neighboring cartridges (Meinertzhagen and O'Neil, 1991) . Each R1-R6 terminal forms about 50 output synapses (Meinertzhagen and Sorra, 2001) , each comprising a single presynaptic site that releases a neurotransmitter, histamine (Hardie, 1987) , upon four postsynaptic elements. These are: an invariant pair of contacts from L1 and L2 ( Figures 1C and 1D ) and a pair of variable contributions from lamina amacrine, L3, or glial cells (Meinertzhagen and O'Neil, 1991) . Thus, each presynaptic site relays visual information to a tetrad of postsynaptic elements that invariably incorporates paired L1 and L2 contributions. The invariable pairing of L1 and L2 at all tetrads ensures that these cells receive matched inputs from R1-R6 (Meinertzhagen and Sorra, 2001 ). L1 and L2, in turn, provide the inputs to two motion-sensing channels, which can respond differentially to motion in opposite directions (Rister et al., 2007) . The obligate pairing of L1 and L2 has been highly conserved through dipteran evolution (Shaw and Meinertzhagen, 1986) , so this feature of synaptic organization probably plays an essential computational function in fly vision. Here, we demonstrate using serial-section electron microscopy (EM) that Dscam proteins, members of the immunoglobulin (Ig) superfamily, ensure the postsynaptic pairing of L1 and L2 at all tetrad synapses.
Dscam proteins regulate brain wiring in both vertebrates and invertebrates. Alternative splicing of Drosophila Dscam1 generates more than 18,000 ectodomains tethered to the membrane by one of two alternative transmembrane domains. Biochemical studies support the argument that most of these exhibit exquisite isoform-specific homophilic binding (Wojtowicz et al., 2004 (Wojtowicz et al., , 2007 . Every neuron is proposed to express a stochastic array of many Dscam1 isoforms, endowing each with a unique Dscam1 signature . Binding between Dscam1 proteins on axon branches from the same cell in the CNS and from dendritic branches from the same sensory cell in the periphery elicits neurite repulsion (Hughes et al., 2007; Matthews et al., 2007; Neves et al., 2004; Soba et al., 2007; Wang et al., 2002; Zhan et al., 2004) , a process called selfavoidance. Dscam1 is unlikely to mediate binding between neurites of different cells because these express largely different isoforms. Self-avoidance promotes the segregation of axon branches to different pathways, and the repulsion of self-neurites ensures uniform coverage of receptive fields. Dscam2, like Dscam1, mediates homophilic repulsion (Millard et al., 2007) . However, in contrast to Dscam1, it encodes only two alternative isoforms and therefore lacks the same molecular diversity. Dscam2 can presumably mediate repulsion both between neurites from the same cell (self-avoidance) and neurites from different cells (cell-type-specific avoidance), depending on which isoform or ratio of isoforms each neuron expresses. Indeed, we previously demonstrated that Dscam2 mediates cell-type-specific avoidance to restrict the terminals of L1 cells to single columns in the second neuropil, or medulla (Millard et al., 2007) . While vertebrate Dscam proteins are not alternatively spliced, they exhibit functional similarities to fly Dscams. Retinal cells from knockout mice for the DSCAM and DSCAML1 genes exhibit self-avoidance and cell-type-specific avoidance phenotypes (Fuerst et al., 2008 (Fuerst et al., , 2009 . Thus, Dscam's function in promoting homophilic repulsive interactions is highly conserved.
Dscam proteins, like many neuronal receptors, are multifunctional, with different ligands and context-dependent attraction or repulsion to the same ligand. In both vertebrates and flies, Dscam proteins act as attractive netrin receptors (Andrews et al., 2008; Liu et al., 2009; Ly et al., 2008) . In addition, gainand loss-of-function studies in the chick retina support the view that Dscam proteins promote the targeting of retinal ganglion cell dendrites and bipolar cell axons to the same layer and may promote synaptogenesis between them (Yamagata and Sanes, 2008) . Similarly, cultured Aplysia neurons require Dscam trans-synaptically to cluster AMPA-like receptors ). Thus, the simplest interpretation of these data in both the chick and Aplysia is that Dscam proteins act adhesively at synapses.
In this report, we explore the role of Drosophila Dscam proteins in regulating synaptogenesis. We show that while photoreceptor tetrads appear structurally normal in flies that lack both Dscam1 and Dscam2, the composition of their postsynaptic elements revealed through serial-EM reconstruction is altered. These findings and previous developmental studies of tetrad assembly in normal animals support a model in which Dscam1 and Dscam2 act redundantly to promote the invariable postsynaptic partnership between L1 and L2 by preventing L1/L1 or L2/L2 pairings at presynaptic release sites through homophilic repulsion. 
RESULTS AND DISCUSSION

Tetrad Synapses Form Normally in Dscam1 Mutants
To investigate whether fly Dscam proteins play a role in photoreceptor synapse formation, we analyzed synapses in mutant flies using serial EM. Antibodies to Dscam1 colocalized to markers for L1 and L2 during mid-pupal stages, demonstrating that this protein is expressed at the correct developmental time to regulate synapse formation (Figures 2A-2C ). Although Dscam1 mutant animals typically die as early larvae, they survive until late pupal stages if isolated from their heterozygous siblings and grown on rich media . We were consequently able to analyze tetrad synapses in Dscam1 homozygous mutant flies. Synapses in wild-type and mutant laminas were reliably identified from their characteristic presynaptic T bar ribbons (Meinertzhagen and O'Neil, 1991) . At the postsynaptic sites opposite these, L1 and L2 occupied the median positions of the postsynaptic tetrad, with the remaining elements paired at the polar positions. The median elements of each tetrad were followed through EM sections until they could be assigned to an L1 or L2 axon (see Figures 1B and 1C; note that in arthropod brains dendrites extend from specific domains of the axon, rather than the soma). L2 was discriminated from L1 based on its larger axon caliber, its position within each cartridge cross-section with respect to the lamina's external coordinates, and its occasional feedback synapses (Meinertzhagen and O'Neil, 1991) . Not all elements could be followed to their cell of origin. Here we include only tetrads in which both median elements were successfully traced.
Lamina cartridges in Dscam1 homozygous mutants looked normal except for occasional fusions between neighboring cartridges (about 2% fusions) ( Table 1) . Cartridge fusion occurred when the border between two cartridges was interrupted, and was rare in wild-type laminas (<1%) ( Table 1) . Synaptic defects were not observed in either single (data not shown; and see below) or fused ( Figure 2L ) mutant cartridges. Indeed, virtually all tetrads contained L1/L2 pairs, indistinguishable from wild-type.
Abnormal Composition of Postsynaptic Elements in Fused Cartridges of Dscam2 Mutants
Like Dscam1, Dscam2 is expressed in lamina neurons during synapse formation ( Figures 2D-2F ), and Dscam2 homozygous mutants are viable (Millard et al., 2007) . In contrast to Dscam1 mutants, however, the cartridge array in Dscam2 mutants was markedly disrupted by frequent (29%) cartridge fusions ( Figures  2G, 2H , 2J, and 2K; Table 1 ). These fused cartridges comprised double the number of constituents (i.e., 12 R cell terminals, 2 L1 neurons, 2 L2 neurons, etc.), and like single cartridges, each fused cartridge was ensheathed by glia.
We analyzed synapses in three single and three fused Dscam2 mutant cartridges using serial EM. Out of 106 synapses from single cartridges, no synaptic defects were observed (Figure 2I ). In contrast, fused cartridges exhibited a striking change in tetrad specificity. Instead of the invariant L1/L2 partnerships observed in wild-type flies, 40% (68/169) of Dscam2 mutant tetrads incorporated two L2 elements ( Figures 2I and 2L) . Interestingly, most (68 out of 70) L2/L2 tetrads contained one postsynaptic element from each of the two L2 cells within the fused cartridge, rather than two L2 elements from the same cell. The change in tetrad specificity was not a consequence of cartridge fusion itself, because tetrad composition was unchanged in fused cartridges from Dscam1 and flamingo (encoding a cadherin-like protein) mutants ( Figures 2I and 2L) . Thus, inappropriate pairing of L2 processes in fused cartridges was specific to Dscam2.
Why Are Synaptic Phenotypes Observed Only in Fused Dscam2 Mutant Cartridges?
Several observations led us to hypothesize that tetrad defects in fused cartridges had uncovered a redundant role for Dscam1 and Dscam2 in ensuring that only a single L2 element was incorporated into each wild-type tetrad. In fused Dscam2 mutant cartridges, abnormal tetrads almost always involved L2 elements from different cells. This phenotype reflects a deficiency in cell-type-specific repulsion (avoidance), a Dscam2-specific function. Since Dscam1 can only mediate repulsion between neurites from the same cell (because neurites from different cells express different Dscam1 isoforms), Dscam1 would not compensate for loss of Dscam2 between postsynaptic elements from different L2 neurons in a fused cartridge. However, Dscam1 would compensate for the loss of Dscam2 self-avoidance within these fused cartridges, leading to the paucity of L2/L2 tetrads from the same cell that we observed. In normal cartridges, then, containing one L2 cell, Dscam1 and Dscam2 would mediate self-avoidance between postsynaptic elements of L2 cells in a redundant fashion. In Dscam1 mutant single cartridges, Dscam2 could mediate self-avoidance between L2 postsynaptic elements from the same cell, thereby compensating for the loss of Dscam1. A similar rationale can explain why tetrads in Dscam2 mutant single cartridges were normal. Thus, if Dscam1 and Dscam2 act redundantly in L2 neurons, then in animals lacking both Dscam1 and Dscam2 many tetrads between cells in a single cartridge would contain two postsynaptic elements from the same L2 cell.
Dscam1 and Dscam2 Act Redundantly to Control Obligate Pairing of L1 and L2 Postsynaptic Elements at Tetrad Synapses To test whether Dscam1 and Dscam2 act redundantly to regulate the composition of tetrad synapses, we analyzed single cartridges lacking both Dscam1 and Dscam2. Because homozygous double-mutant flies did not survive, we used MARCM (Lee and Luo, 1999) to generate clones of Dscam1 mutant tissue in the lamina of flies homozygous mutant for Dscam2. Dscam1 mutant L2 cells were generated by targeting expression of FLP recombinase to lamina precursor cells and were marked with HRP-CD2, a membrane-localized label compatible with EM analysis (Gao et al., 2008) . Thus, every labeled L2 cell was mutant for both Dscam1 and Dscam2 in this experiment. The manner in which clones were generated and because HRP-CD2 was only expressed in L2 cells meant that other cells including L1, however, also lacked Dscam1 and Dscam2 but were unlabeled. In each genotype described below, at least three cartridges and over 100 synapses per genotype were analyzed by serial-EM reconstruction.
As a control, we first analyzed Dscam2 heterozygous animals with labeled L2 cells to assess whether the HRP-CD2 marker might affect tetrad composition. The marker clearly labeled the L2 axon in each cartridge and this label could be followed out to the distal tips of dendrites allowing us to identify L2 postsynaptic elements at tetrads unambiguously. The tetrad composition of these control flies was normal, with a single labeled L2 element paired with an unlabeled L1 ( Figures 3A-3C ). As additional controls, we analyzed single cartridges with labeled L2 cells in flies homozygous mutant for either Dscam1 or Dscam2. We did not observe any phenotypes in Dscam1 mutant cartridges. However, we observed a few (8%) L2/L2 tetrads in single Dscam2 mutant cartridges (Figures 3J and 3K) . The discrepancy between these results and those from unlabeled single-mutant cartridges (see Figure 2I ) likely reflected our increased ability to identify L2 processes when these were labeled. These data argue that Dscam2 is necessary to exclude multiple L2 elements from the same tetrad but that other factors must also contribute to this exclusion.
We next analyzed three single cartridges containing L2 cells double mutant for both Dscam1 and Dscam2. About 30% of the tetrads lacked an L1 profile and instead incorporated two labeled L2 elements from the same cell ( Figures 3D-3F, 3J , and 3K). Thus, Dscam1 and Dscam2 are redundantly required to prevent two L2 elements from incorporating into the same tetrad.
Surprisingly, we also observed a second tetrad phenotype. About 28% of the tetrads in cartridges with double-mutant L2 cells lacked a labeled L2 process ( Figures 3G-3I and 3K ). When these unlabeled elements could be traced back to the axon from which they originated, they were assigned to L1. In total, 22% of the paired, unlabeled elements traced back 
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Dscam Regulates Photoreceptor Synapse Specificity to the L1 axon. In the remaining unlabeled tetrads, the two processes could not both be followed through a sufficient number of sections to unambiguously assign them to L1 or any other neuron. As indicated above, the genetic mosaic scheme in this experiment did produce Dscam1 mutant L1 cells (which were also Dscam2 mutant), but these cells were not labeled because our marker is L2 specific. Indeed, because the mitotic recombination scheme used to generate double-mutant cells typically generates clones in which both L1 and L2 neurons are mutant, we expected most cartridges containing a doublemutant L2 neuron also to include a double-mutant L1 neuron. Thus, the simplest interpretation of these data is that Dscam1 and Dscam2 act in a redundant fashion in L1 and L2 to prevent inappropriate pairing of postsynaptic elements from the same cell. If self-recognition between prospective postsynaptic elements were abrogated completely in L1 and L2, tetrad composition would become randomized, and the chance of a tetrad containing L1/L2, L1/L1, or L2/L2 pairs would be 50%, 25%, and 25%, respectively. Our results fit this prediction well, with 42% L1/L2 (one HRP-labeled element), 28% L1/L1 (no HRP-labeled elements), and 30% L2/L2 (two HRP-labeled elements) in double-mutant cartridges. Figure 2L ). Three cartridges were analyzed per genotype, except for Dscam1 mutant (n = 2 cartridges). See Experimental Procedures for genotypes of flies.
Given that L1 and L2 have a similar phenotype in single cartridges mutant for both Dscam1 and Dscam2, why does L2 but not L1 have a phenotype in fused Dscam2 mutant cartridges? We speculate that this reflects differences in exploratory behavior between L1 and L2 dendrites. Indeed, in both EM and confocal micrographs of Dscam2 mutant cartridges, L2 dendrites spread to fill much of the fused cartridge whereas L1 dendrites tend to remain restricted to the half containing the L1 axon ( Figure S1 ). Thus, L2 processes from the two different cells in the fused cartridge likely encountered each other more frequently than did processes of L1 neurons.
CONCLUDING REMARKS
Does the invariable pairing of L1 and L2 arise as a consequence of interactions between self-dendrites prior to tetrad assembly or is it achieved through interactions between prospective postsynaptic elements at developing synapses? Previous EM studies favor the latter view (Frö hlich and Meinertzhagen, 1983) . About halfway through metamorphosis (50% after puparium formation, APF), filopodial dendrites from L1 and L2 cells begin extending toward the photoreceptor terminal. These processes intermingle extensively over the surface of the axon terminal with many L1/L1 and L2/L2 neighboring pairs. These dendrites later assume a strict alternating sequence (i.e., L1, L2, L1, and so on) along the length of the axon terminal. Their alternation coincides with a reduction in the number of dendrites at 70% APF and the maturation of tetrads. That is, as the total number of dendrites decreases, the L1/L2 alternating pattern is established, and the number of mature tetrads increases. The selective regression of dendrites lacking the correct neighbor coincides with synapse formation ( Figure 4A ). Thus, these data favor the view that Dscam1 and Dscam2 mediate repulsive interactions between postsynaptic elements of the same cell, thereby ensuring the correct composition of tetrad synapses. A phenomenon of this type has previously been proposed and coined synaptic exclusion (Frö hlich and Meinertzhagen, 1983) ; here we present its mechanism.
In this paper we demonstrate that Dscam1 and Dscam2 play a key role in regulating the composition of tetrad synapses. We propose that each L1 and L2 cell in a wild-type cartridge expresses a unique combination or a different ratio of Dscam1 and Dscam2 isoforms ( Figure 4B ). Selective repulsive interactions between neurites from the same cell would then prevent inappropriate combinations of elements (i.e., L1/L1 or L2/L2) from assembling at tetrad synapses.
In conclusion, Dscam1 and Dscam2 proteins are widely expressed throughout the developing fly CNS, mediate homophilic repulsion, and function at multiple steps in circuit assembly. Dscam1 promotes repulsion between neurite branches, promoting uniform coverage of receptive fields and segregation of axon branches during guidance. In the medulla of the fly's visual system, Dscam2 promotes tiling of axon terminals, thereby restricting visual processing to nonoverlapping regions of the visual field. And finally, as we report here, at the final step of circuit assembly, Dscam1 and Dscam2 utilize homophilic repulsive interactions between prospective postsynaptic dendrites of the same cell to prevent assembly of inappropriately configured multiple-contact synapses in the lamina. We speculate that L1 and L2 0 s invariable coupling is required to ensure reliable processing of motion stimuli. Given that multiple-contact synapses are a common feature of the fly's brain, we anticipate that Dscam proteins play a widespread role in recruiting the appropriate combination of cellular contributors to postsynaptic elements at multiple-contact synapses. We further speculate that Dscam proteins may also play a role, perhaps in a redundant fashion as in flies, in controlling the composition of multiplecontact synapses in the vertebrate retina (Fuerst et al., 2008 (Fuerst et al., , 2009 ).
EXPERIMENTAL PROCEDURES Fly Stocks
Dscam2 homologous recombination mutants have been described (Millard et al., 2007) . The Dscam1 alleles we used were extensively backcrossed versions of those previously reported (Dscam 21 and Dscam 23 ) (Schmucker et al., 2000) . For serial EM on flies with labeled L2s, the following lines were generated: for Dscam2 heterozygous mutants (w; FRT42, UAS HRP-CD2/ CyO; Dscam2 null-3 , 21D-Gal4/21D-Gal4); for Dscam1 homozygous mutants
, UAS HRP-CD2; +/21D-Gal4);
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Mature Tetrad Synapse Tetrad synapses form when neurites from L1 and L2 randomly explore the surface of an R cell terminal, where they contact and recognize nascent presynaptic sites (pale yellow) and postsynaptic partners (left panel). L1/L1 or L2/L2 partnerships are excluded from the same site. We propose that competition between L1 and L2 postsynaptic elements selects those neurites with stable (heterotypic) partners on either side. Neurites denied postsynaptic access retract, leading to the progressive strictness of alternation between L1 and L2 neurites down the length of the terminal and a reduction in their overall number (middle two panels). Gradually, and in parallel, each synaptic contact accumulates two other postsynaptic elements and matures functionally as its organelles progressively differentiate (solid yellow, right panel). This schematic is based on the electronmicrographic studies of Meinertzhagen et al. (2000) on developing cartridges in Musca domestica and Drosophila melanogaster. (B) Model for synaptic exclusion. We propose that L1 and L2 cells express different sets of Dscam1 proteins and also different Dscam2 proteins or distinct ratios of its two isoforms. When two postsynaptic elements from the same cell encounter each other, Dscam1 and Dscam2 promote selfavoidance (exclusion), preventing L1/L1 or L2/L2 pairs from incorporating into the same tetrad. Pairing of L1 and L2 may also require other, adhesive cell recognition molecules that mediate interactions between L1 and L2, between these elements and the presynaptic R cell terminal, or between the postsynaptic elements from other cells at the tetrad (e.g., amacrine [Am] or L3 neurons). Note that for clarity, a single bar in this schematic represents multiple Dscam1 isoforms. While there are undoubtedly other models for how Dscam1 and Dscam2 control synaptic exclusion, the model proposed here is the most parsimonious. Red arrows indicate Dscam-mediated homophilic repulsion. ). Gal4 lines used in this study were L1/L2-Gal4 (labels both L1 and L2 at late pupal and adult stages), 21D-Gal4 (labels L2 in adults), both generous gifts from the Heisenberg lab, Wü rzburg (Rister et al., 2007) .
Generating Dscam1 Clones in a Dscam2 Mutant Background Two crosses were performed to generate these flies. First, males from the stock (w; FRT42, Gal80/CyO; 21D-Gal4, Dscam2 null-2 ) were crossed to (Gao et al., 2008) ; DNA was prepared from the bodies. The bodies were genotyped for Gal80 using PCR and Gal80-positive heads were sectioned further for EM. Homozygous Dscam1 mutant clones (in a Dscam2 mutant background) were identified using an L2 marker (because these, rather than L1 cells, showed phenotypes in fused cartridges homozygous for Dscam2). The eyFLP driver used in these MARCM experiments is expressed in precursor cells giving rise to both photoreceptors and lamina neurons. It is therefore very likely that other cells, including L1, within cartridges analyzed were also homozygous mutant. Neither Dscam1 (unpublished data) nor Dscam2 (Millard et al., 2007) plays an autonomous role in photoreceptors, however. A detailed analysis of mosaic laminas using specific Gal4 markers and confocal microscopy to determine the likely genotype of clones analyzed by EM (i.e., the genotype of different lamina and photoreceptor neurons) was not undertaken. This caveat notwithstanding, it seems most likely that the synaptic defects reported here result from a cell-autonomous requirement for Dscam1 and Dscam2, acting in a redundant fashion in both L1 and L2. Cartridges containing double-mutant L2 neurons received the normal composition of photoreceptor terminals. Homozygous double-mutant animals do not survive past early larval stages, so it was not possible to compare the number of fused cartridges in these animals with those in single-mutant animals.
Confocal Microscopy
Confocal microscopy was performed using a Zeiss LSM 510 Meta.
Immunohistochemistry
Immunohistochemistry of Dscam1 and Dscam2 proteins was performed essentially as described (Lee et al., 2001 ). The Dscam1 antibody was mouse monoclonal 11D4 used at a 1:2 dilution. The Dscam2 antibody was rabbit polyclonal 565 used at a 1:1000 dilution. The rabbit polyclonal GFP antibody from Molecular Probes was used at a 1:1000 dilution.
Electron Microscopy of Unlabeled Sections
Series of 50-60 nm sections were cut from the laminas beneath control and mutant eyes of homozygous flies prepared for EM as previously reported (Meinertzhagen, 1996) . Digital montages collected from images obtained with a Philips Tecnai 12 using a Kodak Megaview II camera with software (AnalySIS: SIS GmbH, Mü nster, Germany) were used to trace profiles of lamina cells to presynaptic sites at tetrads. Our reanalysis of data from previous studies (Meinertzhagen and O'Neil, 1991; Meinertzhagen and Sorra, 2001) demonstrated that L1 and L2 constitute the median elements at essentially all photoreceptor synapses. Out of 283 synapses from a wild-type EM series, 210 had postsynaptic elements in which two L cell components could be unambiguously identified by tracing them back to the axon of origin. Of these, 206 had L1 and L2 contacts, while only three had two L1s and one had two L2s (I.A.M. and K.E. Sorra, unpublished data). Several investigators traced postsynaptic elements either by labeling prints of consecutive profiles of lamina cell dendrites, as in a previous study of the wild-type (Meinertzhagen and O'Neil, 1991) , or by reconstructing these in 3D by means of software (Reconstruct [Fiala, 2005] ; downloaded from http://fiala-fantoccini.com/download. htm). Departures from the normal wild-type pattern of partnerships at tetrads were confirmed by a second investigator.
The complete list of $25 EM series used is given in Figures 2l and 3K . Each contained at least 60 consecutive micrographs and sampled at least 40 tetrads, in either fused or single cartridges from each genotype. We examined multiple series of cartridges with abnormal L2/L2 pairings at tetrads. Not all postsynaptic elements could be traced to each presynaptic site, because some dendrites spread from outside into the reconstructed depth of lamina neuropil or because the dendrites were too fine. With the exception of fused cartridges in Dscam2, the postsynaptic participants at the tetrads had a uniform L1/L2 combination. Even at tetrads at which for technical reasons not all postsynaptic elements could be traced, those that were traced nevertheless conformed to the combinations of elements seen at tetrads with a full tetrad complement of identified elements.
Analysis of Labeled Sections
Labeled sections were aligned using Reconstruct software. L2 profiles were identified from their labeled membranes visible both on the axon at the cartridge axis and on its distal dendrites. Such label extended several sections from a postsynaptic site, providing evidence of its continuity and reliability. We assumed that all L2 dendrites carried visible label. L1s were identified from their proximity to the L2 axon and by their lack of label. All abnormal tetrads (containing a pair of labeled L2 or unlabeled L1 elements) were also traced back to their axon. Of the ten L2/L2 tetrads in normal cartridges from Dscam2 mutants (i.e., those that were not fused), L2 postsynaptic elements were identified initially by HRP labeling, and six were traced to the L2 axon. Similarly, 26/48 of L2/L2 tetrads from Dscam1;Dscam2 double mutants were traced back to the L2 axon, and 10/45 of the unlabeled tetrads were traced back to L1. The inability to trace some postsynaptic elements was for technical reasons, chiefly the tortuousness of profiles or distorted sections, not because they originated from cells other than L1 and L2.
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